glutamine synthetase catalyzes the reaction of NH 4 ϩ with glutamate, forming glutamine and decreasing the ammonia available for net acid excretion. The purpose of the present study was to determine glutamine synthetase's specific cellular expression in the mouse kidney and its regulation by hypokalemia, a common cause of altered renal ammonia metabolism. Glutamine synthetase mRNA and protein were present in the renal cortex and in both the outer and inner stripes of the outer medulla. Immunohistochemistry showed glutamine synthetase expression throughout the entire proximal tubule and in nonproximal tubule cells. Double immunolabel with cell-specific markers demonstrated glutamine synthetase expression in type A intercalated cells, non-A, non-B intercalated cells, and distal convoluted tubule cells, but not in principal cells, type B intercalated cells, or connecting segment cells. Hypokalemia induced by feeding a nominally K ϩ -free diet for 12 days decreased glutamine synthetase expression throughout the entire proximal tubule and in the distal convoluted tubule and simultaneously increased glutamine synthetase expression in type A intercalated cells in both the cortical and outer medullary collecting duct. We conclude that glutamine synthetase is widely and specifically expressed in renal epithelial cells and that the regulation of expression differs in specific cell populations. Glutamine synthetase is likely to mediate an important role in renal ammonia metabolism. acid-base; ammonia; immunohistochemistry; intercalated cell; proximal tubule RENAL AMMONIA
Renal ammonia metabolism is typically viewed as involving integrated functions of proximal tubule ammoniagenesis and epithelial cell ammonia transport. Ammoniagenesis involves cellular glutamine uptake and metabolism through an enzymatic process involving phosphate-dependent glutaminase (PDG), glutamate dehydrogenase, and phosphoenolpyruvate carboxykinase (PEPCK), ultimately resulting in the production of 2 NH 4 ϩ and 2 HCO 3 Ϫ molecules (28, 31, 33) . NH 4 ϩ is secreted preferentially across the apical plasma membrane by a mechanism that appears to involve Na ϩ /H ϩ exchanger (NHE)3-mediated Na ϩ /NH 4 ϩ exchange and parallel H ϩ and NH 3 secretion (25, 32, 33) . Ammonia then undergoes regulated transport by renal epithelial cells, involving the transport of both NH 3 and NH 4 ϩ by specific proteins, including Na ϩ -K ϩ -Cl Ϫ cotransporter 2, NHE4, Na ϩ -K ϩ -ATPase, and Rh glycoprotein B and C (Rhbg and Rhcg, respectively) (32, 33) . This integrated interaction of intrarenal ammonia production and transport facilitates highly regulated renal ammonia metabolism and excretion.
However, in addition to the production and transport of ammonia, the kidney also can assimilate ammonia into larger molecules. In particular, the kidney expresses the enzyme glutamine synthetase, which catalyzes the following reaction: glutamate ϩ NH 4 ϩ ϩ ATP ¡ glutamine ϩ ADP ϩ P i ϩ H ϩ . By producing H ϩ as an integral component of this reaction process, there is neutralization, from an acid-base perspective, of the HCO 3 Ϫ produced during ammoniagenesis, and, by "consuming" NH 4 ϩ , this reaction decreases the ammonia available for urinary excretion as a component of net acid excretion. Glutamine synthetase activity and expression are regulated by several conditions that alter renal ammonia metabolism, including metabolic acidosis, hypokalemia, and genetic deletion of renal ammonia transporters (2, 6, 20, 22) . However, the specific cellular distribution of glutamine synthetase in the mammalian kidney has been incompletely examined. Moreover, whether regulation of glutamine synthetase expression is tubule or cell specific has not been previously studied.
Because of the potential importance of glutamine synthetase in renal ammonia metabolism, the initial purpose of the present study was to determine the specific cellular distribution of glutamine synthetase in the mouse kidney. We examined glutamine synthetase protein and mRNA expression using RT-PCR, immunoblot analyses, and immunohistochemistry. Because our study demonstrated glutamine synthetase expression in both proximal tubule and distal epithelial sites, we also determined whether the regulation of glutamine synthetase expression varied in different epithelial cells. We used a model of hypokalemia that caused increased ammonia excretion without metabolic acidosis, examined mice fed either a control diet or K ϩ -free diet for 12 days, and determined cell-specific changes in glutamine synthetase expression.
METHODS
Animals. C57Bl/6 mice bred in the University of Florida College of Medicine Cancer and Genetics Transgenic Animal Core Facility were used for these experiments. All animal protocols were approved by the University of Florida College of Medicine and the North Florida/ South Georgia Veterans Health System Institutional Animal Care and Use Committees.
Antibodies. We used two antibodies against glutamine synthetase: 1) a rabbit polyclonal antibody (catalog no. AB73593, Abcam, Cambridge, MA) and 2) a mouse monoclonal antibody (catalog no. MAB302, EMD Millipore, Billerica, MA). For double-labeling immunohistochemistry, we used rabbit polyclonal antibodies against rat anion exchanger 1 (AE1; Alpha Diagnostic, San Antonio, TX), the a4 subunit of H ϩ -ATPase (a gift from Dr. Fiona Karet, Cambridge Institute for Medical Research, Cambridge, UK), and the thiazidesensitive Naϩ-Cl Ϫ cotransporter (NCC; a gift from Dr. David Ellison, Oregon Health Sciences University, Portland, OR).
Animal models. To examine the effect of dietary K ϩ deficiency, mice were fed powdered semisynthetic K ϩ -free diet (TD.88239, Harlan Teklad, Madison, WI) to produce hypokalemia, as we have previously reported (1, 22) . Control animals were fed K ϩ control diet (1.0% K ϩ , TD.88238, Harlan Teklad). Diets were obtained in a powdered state and mixed with water at a ratio of 6 g per 1 ml to produce semisolid food. Control animals were fed K ϩ control diet for 14 days; K ϩ -deficient animals were fed the K ϩ control diet for 2 days followed by the K ϩ -free diet for 12 days. Tissue preparation for immunohistochemistry. Mice were anesthetized with inhalant isoflurane. Kidneys were preserved by an in vivo cardiac perfusion with PBS (pH 7.4) followed by periodate-lysine-2% paraformaldehyde, cut transversely into several 2-to 4-mm-thick slices, and then immersed ϳ24 h at 4°C in the same fixative. Kidney samples from each animal were embedded in polyester wax [polyethylene glycol 400 distearate (Polysciences, Warrington, PA) and 10% 1-hexadecanol], and 3-m-thick sections were cut and mounted on triple chrome-alum-gelatin-coated glass slides.
Immunohistochemistry. Immunolocalization was accomplished using previously described immunoperoxidase procedures (1, 14, 17, 18, 20 -22) . Briefly, sections were dewaxed in ethanol, rehydrated, heated in Trilogy (Cell Marque, Rocklin, CA) to 88°C for 30 min and then to 96°C for 30 min, cooled for 30 min, and rinsed in PBS. Endogenous peroxidase activity was blocked by incubating the sections in 3% H 2O2 in distilled water for 45 min. Sections were blocked for 15 min with Serum-Free Protein Block (DakoCytomation) and then incubated at 4°C overnight with primary antibody. Sections were washed in PBS and incubated for 30 min with polymer-linked, peroxidase-conjugated goat anti-rabbit IgG (MACH2, Biocare Medical, Concord, CA), washed again with PBS, and then exposed to diaminobenzidine (DAB) for 5 min. Sections were washed in distilled water, dehydrated with xylene, mounted, and observed by light microscopy. Comparisons of labeling were made only between sections of the same thickness from the same immunohistochemistry experiment. Sections were examined on a Leica DM2000 microscope and photographed using a Leica DFC425 digital camera and Leica DFC Twain Software and LAS application suite (Leica Microsystems, Buffalo Grove, IL). Color correction was performed using Adobe Photoshop software (Adobe Systems, San Jose, CA).
Negative controls. Each immunohistochemistry experiment included a section that was exposed to the immunolabeling procedure without the primary antibody to assure that the label was due to primary antibody binding only. In addition, to verify that the immunolabeling was due to binding of the primary antibody to the specific antigenic target, we performed peptide-blocking experiments, including sections labeled with the rabbit anti-glutamine synthetase antibody and additional sections labeled using the rabbit anti-glutamine synthetase antibody after preincubation with a 20-fold excess of the antigenic peptide (ab73591, Abcam). For all sections, the primary antibody was diluted 1:25,000; sections were labeled in the same experiment under identical conditions, other than in the presence or absence of the antigenic peptide in the primary antibody solution.
Double-immunolabeling procedure. Double immunolabeling was done using sequential immunoperoxidase procedures as previously described (1, 14, 21, 22) . Briefly, tissue sections were labeled with the first primary antibody following the procedure described above. After the DAB reaction, sections were washed in PBS and then blocked using 3% H 2O2 in methanol. The above procedure was repeated using a second primary antibody and Vector SG (Vector Laboratories, Burlingame, CA) for the peroxidase substrate, which produces a blue reaction product easily distinguished from the DAB brown reaction product. Sections were then washed with glass distilled water, dehydrated with xylene, mounted with Permount, and observed by light microscopy.
Quantitative analysis of immunohistochemistry. Glutamine synthetase immunoreactivity in proximal tubule, distal convoluted tubule (DCT), and intercalated cells was quantified in bright-field light micrographs. Proximal tubule segments and individual intercalated cells were studied in 3-m sections labeled under identical conditions in the same immunolabeling experiment using the rabbit anti-glutamine synthetase antibody diluted 1:25,000. The specific proximal tubule segments measured were: the first proximal convoluted tubule (PCT), defined as PCT segments continuous with Bowman's capsule; the proximal straight tubule (PST) in the medullary ray, adjacent and parallel to cortical thick ascending limbs; and the PST in the outer stripe of the outer medulla (OMo). DCTs were measured in 3-m sections double labeled for glutamine synthetase and AE1 and were identified by the morphological features typical of the DCT, that is, a tubule located in the cortical labyrinth containing a homogenous population of tall epithelial cells with at least 1/3 of the total cell height between the cell nucleus and basement membrane and no brush border.
For quanitifying immunolabel and cell height in proximal tubule and DCT cells, we used previously described quantitative methods (18) . Briefly, high-resolution digital micrographs were taken of randomly selected fields of the renal cortex and OMo using a Nikon E600 microscope equipped with a DXM1200F digital camera and ACT-1 software (Nikon). Images to be compared were collected during the same photomicroscopy session under identical imaging conditions A B and using no image enhancement techniques. Using ImageJ software [version 1.34j, National Institutes of Health (NIH)], we measured pixel intensity across a line drawn from the tubule lumen through an individual cell, outside of the cell nucleus. To avoid selection bias, the cell to be measured and placement of the reference line were determined using a grid overlay in ImageJ. These data were then analyzed using custom-written software; total cellular expression was determined by integrating net pixel intensity across the entire cell. Cell height was determined as the distance in pixels between the apical and basolateral edges of the cells and converted to micrometers. A minimum of 15 individual cells from at least 5 photomicrographs were analyzed. Data from all cells examined of a given type were averaged to yield a single data point per animal for statistical analysis.
For individual intercalated cells, we measured individual cell profile area and immunolabel intensity in the entire cell profile. Using ImageJ software (version 1.34j, NIH) and a Bamboo CTH-460 pen tablet (Wacom, Vancouver, WA), individual collecting duct cells expressing glutamine synthetase immunolabel were identified and carefully outlined. Pixel intensity and number of pixels within the outlined area were then analyzed using custom-written macros executed in Microsoft Excel 2010. Background intensity was determined and subtracted from individual pixel intensity to determine glutamine synthetase-specific intensity. We then integrated glutamine synthetase-specific pixel intensity across the entire cell to determine total cell-specific immunolabel expression. Cell area was determined as the number of pixels within the outlined region and converted to area using calibrated measurement of pixels per micrometer. In preliminary experiments, the interindividual measurement variability of both immunolabel expression and cell area was Ͻ5%. In all measurements, the individual performing the microscopy and quantifying the results was blinded as to the treatment group of each animal. Each value reported reflects the mean of measurements of at least 20 intercalated cells that were selected by random systematic sampling of each kidney region analyzed. Data from all cells from a given tubule segment, i.e., the cortical collecting duct (CCD), were averaged for each animal; pooled data from each animal were used for statistical analysis.
Protein and mRNA isolation. Animals were anesthetized with inhalant isoflurane, and kidneys were rinsed by in vivo cardiac perfusion with PBS (pH 7.4). Kidneys were rapidly removed and Fig. 2 . GS immunolabel in the mouse kidney. Top: low-power micrographs of normal mouse kidneys demonstrating GS immunolabel using two different primary antibodies against GS, mouse monoclonal antibody (left) and rabbit polyclonal antibody (right). Results were virtually identical with the two antibodies, with expression evident in the majority of epithelial cells in the cortex and OMo and in a small subpopulation of cells in the OMi. Bottom: higher-power micrographs of the cortex and outer medulla. In the cortex, strong immunolabel was present in the majority of tubules, which are composed of cells that have an apical brush border and are identifiable as proximal tubules. In a subpopulation of tubules, there was heterogeneous GS immunolabel, with intense expression in a subpopulation of cells. In the OMo, strong immunolabel in proximal straight tubules (PSTs) was evident. In addition, throughout the outer medulla, a subpopulation of collecting duct cells expressed strong GS immunolabel.
dissected on a cold stage for protein isolation. The outer cortex, OMo, and inner stripe of the outer medulla (OMi) were dissected. For mRNA isolation, the whole cortex and OMi were dissected. For OMi dissection, a margin of the inner stripe was left between the outer stripe and the collected portion of the inner stripe to eliminate contamination of OMi samples with proximal tubule cells. Samples for protein isolation were immediately frozen in liquid nitrogen, and samples for RNA isolation were immersed in RNAlater (Qiagen, Valencia, CA) and stored at 4°C for 24 h; both were then stored frozen at Ϫ70°C until used. For protein, tissues were homogenized in Tissue Protein Extraction Reagent (Pierce Biotechnology, Rockford, IL) using microtube pestles (USA Scientific, Ocala, FL), and protein was extracted according to the manufacturer's recommended procedures. An aliquot was obtained for protein determination using a BCA assay, and the remainder was stored frozen at Ϫ70°C until used. Total RNA was extracted using the RNeasy Mini Kit (Qiagen) and stored in a Ϫ70°C freezer until used.
Immunoblot procedure. Ten micrograms of renal protein were electrophoresed on 10% PAGE ReadyGel (Bio-Rad, Hercules, CA). Gels were then transferred electrophoretically to nitrocellulose membranes, blocked with 5 g/dl nonfat dry milk diluted in Blotto buffer (50 mM Tris, 150 mM NaCl, 5 mM Na 2EDTA, and 0.05% Tween 20; pH 7.6), and incubated at 4°C overnight with primary antibody in nonfat dry milk. Loading and transfer equivalence were assessed with Ponceau S staining. After being washed, membranes were exposed to secondary antibody, goat anti-rabbit IgG (Millipore, Billerica, MA) or goat anti-mouse IgG (Upstate, Temecula, CA), conjugated to horseradish peroxidase at a dilution of 1:5,000. Sites of antibody-antigen reaction were visualized using enhanced chemiluminescence (SuperSignal West Pico Substrate, Pierce) and a Kodak Image Station 440CF digital imaging system. Band density was quantified using Kodak 1D (version 5.0) software (Kodak Scientific Imaging, New Haven, CT). Band density was normalized so that mean density in the same region (cortex or outer medulla) in control tissues was 100.0. Absence of saturation was confirmed by examining pixel intensity distribution in all immunoblots.
RT-PCR procedure. Tissue was placed in RNALater (Qiagen) and stored at Ϫ70°C until RNA was isolated using the RNeasy Protect Mini Kit (Qiagen). cDNA was generated from RNA in the presence and absence of reverse transcriptase using the SuperScript III FirstStrand Synthesis System for RT-PCR (Invitrogen) and random primers. To amplify mouse glutamine synthetase, we used the forward primer 5=-CTGATGGATGGCCCTACTGT-3= and reverse primer 5=-CAACTTTCCCGGTACTGCAT-3=, which yields a product of 258 bp. PCR amplification of cDNA was performed using GoTaq Hot Start Polymerase (Promega, Madison, WI), an annealing temperature of 58°C, an extension time of 1 min, and 36 cycles. Amplified products were separated using electrophoresis and detected on a Kodak Image Station 440CF digital imaging system.
Statistics. Results are presented as means Ϯ SE; n refers to the numbers of animal studied. Statistical analyses were performed using an unpaired Student's t-test. P values of Ͻ0.05 were taken as statistically significant.
RESULTS
Glutamine synthetase expression in the normal mouse kidney. We examined protein and mRNA expression using RT-PCR and immunoblot analysis of samples dissected from Fig. 3 . GS expression in the collecting duct. High-power micrographs of GS immunolabel in the cortex, OMo, OMi, and initial portion of the inner medulla showed strong immunolabel in a subpopulation of cells (arrows) in the initial collecting tubule and cortical collecting duct (CCD) in the cortex and throughout the medullary collecting duct. The number and morphology of these cells, with apical bulging into the lumen, suggest that they are intercalated cells. Labeled proximal tubules (*) in the cortex and OMo were also evident. All experiments were performed using the rabbit polyclonal antibody. specific regions of the kidney. Immunoblot analysis demonstrated glutamine synthetase protein expression in the outer cortex, OMo, and OMi (Fig. 1A) . RT-PCR showed that glutamine synthetase mRNA was present in both the cortex and OMi; no amplification was observed in the absence of reverse transcriptase, indicating that genomic DNA was not amplified (Fig. 1B) . Glutamine synthetase expression in the outer cortex and OMo is consistent with expression in the entire proximal tubule. The finding of glutamine synthetase protein and mRNA expression in the OMi, however, where proximal tubule seg- Fig. 4 . Effect of immunizing antigen preincubation with antibody on immunolabel. Mouse kidney sections underwent immunohistochemistry using either rabbit anti-GS primary antibody alone or primary antibody preadsorbed with a 20ϫ excess of the antigenic peptide. Left: representative images from the cortex, OMo, and OMi from kidneys labeled with primary antibody alone. Right: representative images of the corresponding regions from kidneys labeled with primary antibody preadsorbed with excess immunizing peptide. Immunolabeling was virtually eliminated by peptide blocking. Kidneys were photographed using DIC optics to avoid the need for counterstaining to identify cellular profiles. PT, proximal tubule segments; DCT, distal convoluted tubule segments; CD, collecting duct segments. Arrows identify intercalated cells.
ments are not present, indicates the presence of glutamine synthetase in nonproximal tubule cells.
Single immunolabeling for glutamine synthetase. We used immunohistochemistry with two different anti-glutamine synthetase antibodies to determine glutamine synthetase's specific cellular expression. Identical results were seen with the two antibodies. Glutamine synthetase immunoreactivity was present in PCTs throughout the cortex and in PSTs in the cortex and OMo (Fig. 2) . PCT cells, in general, had intense glutamine synthetase immunoreactivity, although some PCT profiles had less intense immunostaining. The earliest portion of the PCT, identified by continuity with Bowman's capsule, frequently had relatively weak or heterogeneous glutamine synthetase staining. Glutamine synthetase immunostaining was distributed throughout the cell cytoplasm, with fainter staining of the brush border. Fig. 5 . GS and anion exchanger 1 (AE1) double label in the medulla. Left: low-power micrographs of the OMo, OMi, and initial inner medulla (IMi) of mouse kidneys labeled for GS (brown) and AE1 (blue) using immunohistochemistry. Right: selected areas (boxes) at higher magnification. There was a 1:1 correlation between GS immunolabel and basolateral AE1 immunolabel expression (arrows) in the outer stripe of the outer medullary collecting duct, inner stripe of the outer medullary collecting duct, and inner stripe of the inner medullary collecting duct, indicating that GS is expressed in type A intercalated cells throughout the medullary collecting duct. GS expression was also evident in PST segments (*). No significant GS immunolabel was evident in other cells in the collecting duct or in the thick ascending limbs TAL.
In addition to the proximal tubule, we also observed glutamine synthetase immunolabeling in a subpopulation of cells in the connecting segment and collecting duct segments from the initial collecting tubule through the initial inner medullary collecting duct (Fig. 3) . The prevalence and morphology of labeled collecting duct cells suggested they were intercalated cells. Immunostaining was also evident in DCTs; the thick ascending limbs of Henle's loop were not labeled.
To confirm the specificity of the glutamine synthetase immunolabel observed, we performed several types of control experiments. First, experiments in which the primary antibody was omitted from the immunohistochemistry protocol uniformly resulted in no significant immunolabel being detected (data not shown). Second, as previously noted, we used two different antibodies directed against glutamine synthetase protein and observed identical results. Finally, we preincubated the rabbit anti-glutamine synthetase antibody with the immunizing peptide. Figure 4 shows representative results. Immunolabel reactivity was completely eliminated or dramatically reduced in all epithelial cells in which immunolabel was observed when antibody alone was used. These findings confirm the specificity of the immunoreactivity observed with these antibodies.
Double immunolabeling: glutamine synthetase with AE1, H
ϩ -ATPase, and NCC. To specifically identify the distal tubule segments and individual collecting duct cell types with glutamine synthetase immunoreactivity, we performed a series of double-label immunohistochemistry experiments using antiglutamine synthetase antibodies and antibodies that identify specific intercalated cell subtypes (AE1 and H ϩ -ATPase) and the DCT (NCC).
We began by using double-immunolabel of glutamine synthetase with AE1, the anion exchanger expressed exclusively in type A intercalated cells. In the collecting duct, including the CCD, outer medullary collecting duct (OMCD), and inner medullary collecting duct (IMCD), all glutamine synthetasepositive cells expressed basolateral AE1 (Figs. 5 and 6 ). However, in the connecting segment and initial collecting tubule, there were both AE1-positive and AE1-negative cells that expressed glutamine synthetase (Fig. 5) . In addition, there were cells with the appearance of intercalated cells that were glutamine synthetase negative. These observations indicate that in the CCD through the IMCD, only type A intercalated cells express glutamine synthetase; principal cells and type B intercalated cells have no detectable glutamine synthetase expression. However, in the connecting tubule (CNT) and initial collecting tubule (iCT), both type A intercalated cells and a population of AE1-negative cells with the morphological appearance of intercalated cells expressed glutamine synthetase immunoreactivity.
We used double labeling of glutamine synthetase with H ϩ -ATPase to further characterize the glutamine synthetase-positive cells in cortical segments. From the CNT through the IMCD, all glutamine synthetase-positive cells had intense apical H ϩ -ATPase immunoreactivity (Fig. 7) , indicating that all glutamine synthetase-positive cells were intercalated cells. Type B intercalated cells, identified by basolateral H ϩ -ATPase, were present in the iCT and CCD and had no detectable glutamine synthetase (Fig. 7) , indicating that type B intercalated cells do not express detectable glutamine synthetase protein. The finding that all glutamine synthetase-positive cells in the CNT express apical H ϩ -ATPase indicates that the AE1-negative, glutamine synthetase-positive cells are non-A, non-B intercalated cells.
We then used double immunolabel of glutamine synthetase with NCC, the NaCl cotransporter expressed solely in DCT cells, to confirm the identity of the nonproximal tubule, noncollecting duct profiles in the cortex that expressed glutamine synthetase. These experiments demonstrated moderate glutamine synthetase immunoreactivity in cells with apical NCC immunolabel, confirming our observations from the singleimmunolabeling experiments showing that DCT cells express glutamine synthetase (Fig. 7) .
Effect of dietary K ϩ restriction. In view of the observation of glutamine synthetase in multiple distinct renal epithelial cell types, we sought to determine whether glutamine synthetase expression was regulated similarly or differently in different cell populations. We chose a model of hypokalemia induced by a K ϩ -free diet for 12 days, which we have recently characterized (1, 22) . This model results in increased renal ammonia excretion associated with activation of PDG and PEPCK, enzymes involved in proximal tubule ammoniagenesis, yet no acid-base disturbance, at least in the mouse in this model in our laboratory (1, 22) .
Immunohistochemistry demonstrated dramatic changes in glutamine synthetase expression. At low magnification, overall glutamine synthetase immunolabel in the cortex and OMo from hypokalemic mice was greatly reduced compared with mice that received control diet (Fig. 8) . This decrease is consistent with our recent report (1) using this identical model showing decreased total renal glutamine synthetase expression in renal homogenates in response to hypokalemia. The overall decrease in these regions observed at low magnification was due to a marked decrease in immunolabel in both PCTs and PSTs throughout the cortex and OMo (Fig. 8) . The decrease in label intensity appeared to be greater in cortical proximal tubules than in OMo proximal tubules.
To confirm and quantify these qualitative observations of decreased glutamine synthetase expression in the proximal tubule, we performed digital quantitative analysis of the immunohistochemistry. Quantitative analyses of the immunolabel in the initial PCT, the cortical PST in the medullary ray, and the PST in the OMo demonstrated a significant decrease in glutamine synthetase immunolabeling in each of these segments during hypokalemia (Fig. 9) . Compared with control conditions, hypokalemia decreased glutamine synthetase label intensity by 39 Ϯ 4% in the initial PCT, 44 Ϯ 3% in the ϩ -ATPase (brown) double immunolabel in a DCT to CNT transition. In the CNT, all GS-positive cells had strong apical H ϩ -ATPase immunolabel (arrowheads). CNT cells, i.e., those cells in the CNT that lack strong apical H ϩ -ATPase immunolabel, did not have detectable GS immunolabel (white arrows). However, DCT cells, identified here by morphological criteria, did have GS immunolabel (black arrows). C: double immunolabel of GS (blue) with the DCT-specific transporter NCC (brown). DCT cells, which had apical NCC immunolabel, expressed GS immunolabel (arrows), but at lower levels than the majority of PTs. In the adjacent CNT, intercalated cells with GS immunolabel (black arrowheads) and CNT cells, which lack significant GS expression (white arrows), were present.
cortical PST, and 33 Ϯ 6% in the PST in the OMo (n ϭ 4 hypokalemic kidneys and 4 control kidneys for each comparison, P Ͻ 0.01 for each). Label intensity in the DCT was also significantly reduced during hypokalemia to 43% below control values (n ϭ 4 hypokalemic kidneys and 4 control kidneys for each comparison, P Ͻ 0.05).
The response of intercalated cells in the CCD and OMCD differed from the response of the proximal tubule. Immunohistochemistry showed increased glutamine synthetase expression in a subpopulation of cells in the CCD and OMCD, segments where only type A intercalated cells express glutamine synthetase in the normal mouse kidney. Both the A marked and widespread decrease in GS expression in response to hypokalemia was evident in PCTs and PSTs. Control and hypokalemia tissues were preserved, embedded, and immunolabeled in the same experiments using identical procedures and were visualized and photographed in the same session using the same microscope and camera settings.
number and morphology of glutamine synthetase-positive cells in the collecting duct of hypokalemic mice suggested that they were type A intercalated cells, i.e., that the collecting duct cell types expressing glutamine synthetase did not change with hypokalemia. To confirm this, we performed double immunolabeling of glutamine synthetase with AE1. Consistent with findings in animals on normal rodent chow, all collecting duct cells with glutamine synthetase immunolabel also expressed basolateral AE1 immunolabel, and vice versa (Fig. 10) . Thus, hypokalemia did not change the type of collecting duct cells that express glutamine synthetase, but it does appear to result in a substantial increase in intercalated cell glutamine synthetase expression.
To confirm the qualitative observation of increased glutamine synthetase expression in intercalated cells in the CCD and OMCD, we modified our previous method of digital quantitative immunohistochemistry (18) to enable the quantification of total immunolabel intensity in single cells. This technique also enabled simultaneous assessment of cell profile area. Using this approach, we confirmed that hypokalemia increased intercalated cell glutamine synthetase immunolabel expression significantly in both the CCD and inner stripe of the OMCD (OMCDi; Fig. 10 ). Intercalated cell size also significantly increased in OMi intercalated cells (Fig. 10) , consistent with previous observations in the rat kidney (11, 15) . Since only type A intercalated cells in the CCD and OMCD expressed glutamine synthetase, these findings demonstrate increased per cell expression in CCD and OMCDi type A intercalated cells in response to hypokalemia. In the OMCDi, the increased per cell expression paralleled increased cell size, such that mean glutamine synthetase expression adjusted for cell area did not change significantly (P ϭ not significant).
To confirm this finding, we assessed total glutamine synthetase protein in the OMi, a site where the only renal epithelial cells expressing glutamine synthetase are OMCDi type A intercalated cells. Immunoblot analysis showed that glutamine synthetase band density was not significantly changed by hypokalemia, indicating that the abundance of glutamine synthetase relative to other inner stripe proteins was unchanged (Fig. 11) . Since hypokalemia causes hypertrophy, and consequently increased total protein expression, in the OMi (11, 14) , the finding of no change in glutamine synthetase immunoblot density in the inner stripe indicates that glutamine synthetase expression parallels total protein expression and thus that absolute glutamine synthetase expression is increased in this region. Thus, glutamine synthetase expression in response to hypokalemia is regulated differently in the proximal tubule, where expression is decreased, and in type A intercalated cells in the CCD and OMCD, where total expression is increased.
In the iCT and CNT in K ϩ -deficient mice, as in K ϩ control mice, only cells with the appearance and incidence of intercalated cells expressed glutamine synthetase, and some glutamine synthetase-positive cells in these segments were AE1 positive and others were AE1 negative. No change in the number of labeled cells was evident with K ϩ deficiency, and cells with the morphological appearance of CNT cells and principal cells remained glutamine synthetase negative. Thus, in the iCT and CNT of hypokalemic mice, both type A and non-A, non-B intercalated cells had glutamine synthetase immunoreactivity; there was no apparent change in the cell types expressing detectable glutamine synthetase immunoreactivity compared with K ϩ control kidneys.
DISCUSSION
Renal ammonia metabolism and excretion are critical components of the renal maintenance of systemic acid-base balance. Most previous studies of renal ammonia metabolism have focused on the regulation of ammoniagenesis and renal epithelial cell ammonia transport, whereas the present study focused on a third component of renal ammonia metabolism, the reaction of ammonia with glutamate to form glutamine, a reaction that produces H ϩ and reduces intrarenal ammonia and thereby decreases the ammonia available for urinary excretion. sion in different cell types is specific, with hypokalemia decreasing expression throughout the entire proximal tubule and increasing expression in type A intercalated cells in the collecting duct. This widespread expression of glutamine synthetase combined with cell-specific regulation has important implications for our understanding of renal ammonia metabolism.
The first major finding in the persent study was that glutamine synthetase is widely expressed throughout the entire proximal tubule. We showed high levels of glutamine synthetase protein expression in the outer cortex, OMo, and OMi and showed that glutamine synthetase mRNA is also expressed in the OMi as well as renal cortex, findings indicating expression in more than just the PST. We verified, using immunohistochemistry, that high levels of glutamine synthetase immunolabel are present throughout the entire proximal tubule, from PCT cells adjacent to Bowman's capsule to the PST in the OMo. Thus, the mouse proximal tubule, in addition to being able to produce ammonia, also assimilates ammonia, combining it with glutamate to form glutamine. Because this process releases H ϩ (10), it counterbalances the HCO 3 Ϫ produced in the process of ammoniagenesis, thereby blunting net bicarbonate generation.
Previous studies of rat, rabbit, and mouse kidneys have reported different results regarding glutamine synthetase's expression in the kidney. In studies (4, 26) in the rat kidney, glutamine synthetase activity and protein were found exclusively in the PST in the OMo and inner cortex. A study (4) in the rabbit identified glutamine synthetase activity in both the PCT and PST and in "distal straight tubules," older terminology for thick ascending limbs of Henle's loop. Studies (19, 24) in the mouse kidney identified glutamine synthetase mRNA expression in the renal cortex but did not determine cellspecific expression. Another study (29) of mouse kidneys showed glutamine synthetase immunoreactivity throughout the entire proximal tubule, which is consistent with the present study. However, the earlier study (29) did not report finding glutamine synthetase in other renal epithelial cell types.
The second major finding in the present study is that glutamine synthetase was expressed in type A and non-A, non-B intercalated cells but not in type B intercalated cells. Both type A and non-A, non-B intercalated cells express the ammonia transporters Rhbg and Rhcg (13, 17, 27, 30) , and several studies have demonstrated that Rhbg and Rhcg in intercalated cells are necessary for normal renal ammonia excretion (2, 3, 20, 21) and that Rhcg is required for normal rates of collecting duct ammonia transport (3) . Glutamine synthetase expression in type A and non-A, non-B intercalated cells suggests that these cells not only secrete ammonia via Rhbg and Rhcg but that they also contain mechanisms that regulate the amount of intracellular ammonia available for secretion. The absence of detectable glutamine synthetase expression in the type B intercalated cells suggest a greatly diminished role, relative to type A intercalated cells and non-A, non-B intercalated cells, in ammonia metabolism, which parallels the lack of expression of either Rhbg or Rhcg, and is consistent with the role of the type B intercalated cell in HCO 3 Ϫ secretion and Cl Ϫ reabsorption and not in urine acidification or ammonia metabolism.
We also identified glutamine synthetase expression in the DCT. The amount of glutamine synthetase expression, at least as estimable from immunolabel intensity, was substantially less than observed in the majority of proximal tubules. The specific role of the DCT in renal ammonia metabolism is incompletely understood. However, given that a mathematical modeling study (34) proposed that the DCT is likely to reabsorb rather than to secrete ammonia, the presence of glutamine synthetase in this site, and the observation in the present study that hypokalemia decreases DCT glutamine synthetase expression, support the possibility that glutamine synthetase catalyzes the assimilation of reabsorbed ammonia with glutamate to form glutamine and thereby contributes to regulation of renal ammonia excretion.
The third major finding in the present study was that glutamine synthetase expression is regulated differently in different epithelial cells in the mouse kidney, at least in response to hypokalemia. Decreased expression in the proximal tubule appears to be a component of a generalized response of these cells to increase net ammoniagenesis in response to hypokalemia. There is increased expression of the glutamine transporter SN1/SNAT3 and of the major enzymes involved in ammoniagenesis, including phosphate-dependent glutaminase, glutamate dehydrogenase, and phosphoenolpyruvate carboxykinase (1, 5, 16, 22) . Thus, decreased glutamine synthetase expression, by decreasing the proximal tubule capacity for recycling NH 4 ϩ back to glutamine, contributes to, and likely augments, hypokalemia's stimulation of proximal tubule net ammoniagenesis. In particular, changes in proximal tubule net ammoniagenesis are quantitatively greater and occur more rapidly than the changes in ammoniagenic enzyme expression (9) . The findings that glutamine synthetase is present throughout the entire proximal tubule (present study) and that its expression and/or activity in the proximal tubule can be regulated by physiological stimuli, such as hypokalemia (present study) and metabolic acidosis (2, 6, 7, 23) , suggest that changes in proximal tubule glutamine synthetase expression and activity are critical components of the proximal tubule response to conditions that alter net ammoniagenesis. Glutamine synthetase expression in type A intercalated cells in the CCD and OMCD increased in response to hypokalemia, which contrasts to the findings in the proximal tubule. During hypokalemia, type A intercalated cell expression of the ammonia transporters Rhbg and Rhcg is enhanced, suggesting increased ammonia transport by intercalated cells (14, 22) . Interestingly, the site of greatest increase in Rhbg and Rhcg expression is the basolateral plasma membrane, suggesting a preferential increase in basolateral ammonia uptake (14, 22) . Increased glutamine synthetase activity, by accelerating the NH 4 ϩ reaction with glutamate to form glutamine, would reduce the intracellular ammonia available for secretion across the apical membrane. Physiologically, this might limit net collecting duct ammonia secretion and thereby limit the development of metabolic alkalosis that could otherwise develop with very high levels of ammonia excretion. Finally, the difference in the cellular response to dietary K ϩ deficiency with respect to glutamine synthetase expression suggests not only that the role of glutamine synthetase in hypokalemia differs in proximal tubule and type A intercalated cells but also that the regulatory mechanisms controlling glutamine synthetase expression are specific for these epithelial cells.
In summary, the present study demonstrates important new findings with regard to the role of glutamine synthetase in renal ammonia metabolism. First, glutamine synthetase expression is much wider than previously recognized, including the entire proximal tubule, DCT, and type A and non-A, non-B intercalated cells in the collecting duct and CNT. Second, glutamine synthetase expression is regulated, but the regulation differs in different epithelial cells in the kidney, with substantial decreases in the proximal tubule and DCT response to hypokalemia and a simultaneous increase in expression in acidsecreting intercalated cells. These novel observations indicate that renal glutamine synthetase likely plays an important and integrated role in the regulation of renal ammonia metabolism. Since hypokalemia induced hypertrophy and concomitantly increased total protein expression in the OMi, these results indicate increased total GS expression.
